Background. Enteropathogenic Escherichia coli (EPEC), a diarrheagenic pathogen, is exposed to stress during ingestion, and yet little is known about the impact of stress on EPEC-host cell adhesion.
bile-salt stress in the intestine, and yet little is known about whether this affects host cell adhesion.
Environmental factors such as temperature, pH, and culture medium are known to influence expression of several EPEC virulence factors [2] [3] [4] [5] [6] . Shin et al. showed that EPEC plasmid-encoded regulator, Per, which controls virulence gene expression, is negatively regulated at pH 5.5 and positively regulated at pH 8.0 [7] . They proposed that EPEC virulence gene expression is repressed during gastric-acid stress and is enhanced under the alkaline pH typical of the small intestine. However, there have been no studies demonstrating adhesion changes related to these transcriptional changes. Furthermore, there is little information about adhesion of EPEC organisms that survive a more severe pH challenge.
Similarly, the impact of bile-salt stress on EPEC adhesion has not been determined. Bile-salt exposure has been reported to induce expression of specific E. coli stress-response genes, some of whose products are as- sociated with membrane functions [8] , which suggests that altered expression of these genes may promote adhesion to colonic epithelium. However, there are no studies linking bile-salt stress to increased host cell adhesion.
There is evidence that environmental stress increases adhesion of other pathogens, including Helicobacter pylori, Legionella pneumophila, and Clostridium difficile [9] [10] [11] [12] [13] . In one study, adherence of enterohemorrhagic E. coli (EHEC) clinical isolates was compared with that of EHEC isolates that were from a contaminated food source but not found in the patients [14] . The clinical isolates adhered significantly better to human colonic cells than did the food isolates, implying that ingestion stress may have enhanced host cell adhesion.
Stress has also been shown to alter host receptor specificity. Heat or acid stress alters glycolipid binding specificity for several organisms, including Haemophilus influenza and H. pylori [9, 15] , with enhanced binding to sulfogalactosylceramide (SGC). Unstressed EPEC binds to phosphatidylethanolamine (PE), gangliotriaosylceramide (Gg 3 ), and gangliotetraosylceramide [16] , but the impact of stress on EPEC-lipid recognition is unknown.
In the present study, we demonstrate enhanced host cell adhesion of EPEC exposed to acid or bile-salt stress. The increased adhesion correlates with increased expression of a surface-associated Hsp70 and is inhibitable by anti-Hsp70 pretreatment. There is also a change in lipid receptor specificity, with increased binding of stressed EPEC to SGC, a receptor candidate for surface-expressed Hsp70 [17, 18] . These results provide evidence of enhanced EPEC virulence after acid or bile-salt stress and suggest a role for a novel adhesin-receptor pair in the enhanced adherence after stress.
METHODS
Bacterial strains and growth conditions. Before use, bacteria (table 1) were cultured on Luria-Bertani (LB) agar supplemented with the appropriate antibiotics. For infection and binding assays, either overnight LB broth cultures diluted 1:8 in Dulbecco's MEM (DMEM) and grown to mid-log phase (2-4 h at 37ЊC in 5% CO 2 ) or overnight Columbia blood agar (BA) cultures were used. Both protocols have been reported to enhance expression of EPEC virulence factors [5] . Bacterial viability was assessed by serial dilution and plating on tryptose phosphate agar with 0.1% sodium pyruvate.
Cell culture. HEp-2 cells (human laryngeal cell line; American Type Culture Collection) were grown in MEM (with Earle's salts and l-glutamine; GibcoBRL) with 10% fetal calf serum (FCS) and 0.1% gentamycin, at 37ЊC in 5% CO 2 . T84 cells (intestinal cell line; American Type Culture Collection) were grown in a 1:1 solution of Ham's F12:MEM (GibcoBRL) with 10% FCS and 0.1% gentamycin.
Bacteria-host cell adhesion assays. Bacterial binding to HEp-2 cells was assayed by plate-count assay [16] , which was chosen because it permits quantification of organisms that survive the stress. Briefly, 10 5 cells were infected with 10 7 bacteria in DMEM without antibiotics for 2-2.5 h at 37ЊC in 5% CO 2 . Nonadherent bacteria were removed by 3 washes with PBS. Adherent bacteria and epithelial cells were detached with 0.25% trypsin. Epithelial cells were lysed with water, and adherent bacteria were quantified by serial dilution and plate count. To assess the involvement of newly synthesized adhesins after stress, bacteria were pretreated with erythromycin (0.06 mg/ mL) for 30 min at room temperature (RT) before cell infection. The effect of anti-Hsp70 on bacteria-host binding was assessed by preincubating bacteria with rabbit anti-Hsp70 or rabbit nonimmune serum (NIS) (negative control) in culture medium for 1 h at RT before infection.
Acid-stress protocols. Two acid-stress protocols were used in the present study. A total of 10 9 bacteria (overnight BA culture) were incubated in 100 mmol/L tris-buffered saline (TBS) (pH 3.0; for 5, 15, or 30 min at RT). pH was restored with 10 N NaOH, and bacteria were washed and resuspended in 100 mmol/ L TBS.
Since EPEC adhesins are induced by exponential growth in high-glucose DMEM [5] , it was also of interest to examine the effect of acid stress after DMEM induction. An overnight LB culture was induced in high-glucose DMEM, resuspended in pH 3.0 DMEM (for 5, 15, or 30 min at RT), washed, and resuspended in pH 7.0 DMEM. Unstressed bacteria were incubated in pH 7.0 DMEM for the same time periods at RT.
Acid adaptation. Since acid adaptation provides partial protection against acid stress and may be physiologically relevant, we also assessed the effect of acid adaptation before lowpH stress. For overnight BA cultures, adaptation involved an additional 1 h of incubation at RT in 100 mmol/L TBS (pH 5.0), followed by low-pH shock as described above. For DMEMinduced cultures, bacteria were incubated in pH 5.0 DMEM (at RT for 1 h), centrifuged, and resuspended in pH 3.0 DMEM, as per the acid-stress protocol.
Bile-salt stress protocol. By use of a modification of an earlier protocol [8] , bacteria were incubated with the following bile-salt solutions for 90 min at RT: chenodeoxycholate (240 mmol/L), deoxycholate (240 mmol/L), glycocholate (320 mmol/ L), and ursodeoxycholate (240 mmol/L). ). E2348/69 grown overnight on blood agar were acid stressed and incubated with erythromycin or negative control (buffer). +E, with n p 4 erythromycin; S-5A, acid adapted and acid shocked for 5 min; U, unshocked. * , vs. S-5A value.
Immunoblot analysis. Expression of bundle-forming pilus (BFP), intimin, flagella (H6), Hsp70, and Hsp60 was assessed before and after stress, by SDS-PAGE immunoblotting using rabbit anti-Hsp70 [18] , rabbit anti-BFP and anti-H6 (provided by J. Giron) [22] , rabbit anti-intimin (provided by G. Frankel) [23] , and mouse anti-GroEL (Stressgen). Protein concentrations were standardized by bicinchoninic acid assay (Pierce).
Flow-cytometric analysis of bacterial surface proteins. Surface expression of Hsp70, Hsp60, BFP, intimin, and H6 on EPEC before and after stress was assessed by flow-cytometric (FACS) analysis (Becton Dickinson cytometer; Cell Quest software) as described elsewhere [24] . Negative controls included rabbit NIS or mouse IgG1 (Stressgen), depending on the source of the corresponding protein antisera. Goat anti-rabbit fluorescein isothiocyanate (FITC) conjugate, goat anti-rabbit Alexa488, and goat anti-mouse FITC conjugate (Sigma) were used at 1:20-1:40 dilutions.
Bacteria-lipid binding. A thin-layer chromatography overlay assay [16] was used to assess bacterial adhesion to a panel of lipids, including PE, phosphatidylcholine, Gg 3 , globotriaosylceramide, SGC, lactosylceramide, and upper and lower lipid extracts from HEp2 and T84 cells. PE E. coli , egg-yolk l-a-phosphatidylcholine, and SGC were obtained from Sigma; Gg 3 was obtained from guinea pig blood; and globotriaosylceramide and lactosylceramide were obtained from human kidney prepared as described elsewhere [25, 26] . Bacterial binding was visualized immunologically.
Statistical analysis. Results are expressed as . means ‫ע‬ SDs Analysis of variance was used for statistical analysis of intergroup comparisons.
was considered to be significant. P р .05
RESULTS

Viability and epithelial cell adhesion of EPEC after acid shock.
The viability of acid-adapted, acid-shocked EPEC was reduced 1.2-1.4-fold relative to that of unshocked EPEC (figure 1A). Comparable reductions in viability relative to that of unshocked EPEC were evident for both final pH values (figure 1A). Brief acid shock reduced EPEC viability 2.8-fold relative to that of unshocked EPEC, whereas adaptation before acid stress reduced viability 1.2-1.4 fold, indicating that adaptation had a protective effect (figure 1B). Viability loss increased with increased exposure time to low pH.
Adhesion of acid-adapted, acid-stressed EPEC to HEp-2 cells was significantly higher than that of unshocked EPEC ( figure  1C ). Adhesion-enhancement factors ranged from 2.7 for overnight BA cultures to 1.5 for DMEM-induced cultures ( figure  1D ), suggesting that adhesion enhancement was sensitive to culture conditions. Adhesion increases were observed for all acid exposure times and were observed at both neutralization pH values ( figure 1D ).
Viability and epithelial cell adhesion of EPEC after bilesalt stress. Since the small intestine contains the highest concentration of bile salts [8, 27] and is also the locus of EPEC pathogenesis, we were interested in the effect of bile-salt stress on EPEC viability and host cell adhesion. The major bile salts in the human intestine are chenodeoxycholate, glycocholate, deoxycholate, and ursodeoxycholate [8] . The first 2 are synthesized by the liver, whereas deoxycholate is formed from cholate via the action of intestinal microflora [27] . Of the 4, ursodeoxycholate is a relatively minor constituent. Three treat- ments (chenodeoxycholate, deoxycholate, and glycocholate) resulted in significantly lower bacterial viabilities than the control, by a factor of 1.4-1.6 ( figure 2A) . Viability of DMEM-induced EPEC was significantly lower than that of unshocked EPEC only after glycocholate treatment.
Bile-salt stress of EPEC resulted in significant increases in epithelial cell adhesion. After chenodeoxycholate, deoxycholate, or glycocholate treatment, BA-grown EPEC had a 2-2.6-fold adhesion increase. DMEM-induced EPEC showed a 1.3-1.4-fold adhesion increase after deoxycholate or glycocholate treatment ( figure 2B and 2C, respectively) .
Reduction of adhesion of acid-shocked EPEC by erythromycin pretreatment. Since the adhesion enhancement may result from increased adhesin expression and/or modification of existing adhesins [28] , we sought to clarify this by inhibiting bacterial protein synthesis. Erythromycin, below the MIC, inhibits bacterial protein synthesis and has been used to prevent bacterial protein synthesis after stress [9] . Erythromycin pretreatment had no effect on adhesion of unstressed EPEC but reduced adhesion of acid-stressed EPEC in comparison with that of unstressed EPEC ( figure 3) .
Western blot analysis of virulence factor expression. Expression of known virulence factors, BFP, intimin, and flagella (H6) were examined by Western blot before and after acid and bile-salt stress. Since previous studies have implicated surfaceexpressed Hsp70s in the adhesion of other pathogens after stress, we also assessed the expression of Hsp70 in EPEC after stress treatments. There was an increase in Hsp70 expression and a slight increase in BFP expression after acid stress ( figure  4A ). After bile-salt stress, there was a slight increase in BFP, flagella, and Hsp70 expression for at least 1 of the tested bile salts ( figure 4B ). There was no increase in intimin levels after any of the treatments.
Increased surface expression of Hsp70 on acid-shocked EPEC. FACS analysis was used to determine whether changes in virulence factor expression noted by Western blot analysis reflected changes in surface expression of these proteins. FACS results indicated no change in BFP surface expression after either acid or bile-salt stress ( figure 5A ). The lower levels of BFP detected by FACS, compared with Western blot, are likely the result of BFP dissociation from the bacterial membrane during bacterial preparation for FACS analysis. BFP also undergoes morphological changes, including retraction and dissociation [29] , which may further account for the lower levels detected by FACS. The Western blot results did, however, show increased levels of BFP after acid stress, which suggests that BFP may contribute to the enhanced adhesion of EPEC after acid stress. To confirm the involvement of BFP, adhesion of E2348/69 and bfp mutant 31-6-1(1) were compared before and after acid shock. Similar adhesion enhancements were noted for both acid-shocked EPEC and 31-6-1(1), relative to their unshocked correlates (table 2) . Therefore, although the bfp mutant is much less adherent than wild-type EPEC, adhesion after acid shock was similarly increased, indicating that BFP is not responsible for the adhesion enhancement. Interestingly, although both unshocked and acid-shocked HB101 were only weakly adherent (230 times less than unshocked EPEC), there was a slight increase in adhesion of acid-shocked HB101 relative to that of unshocked HB101, which suggests that acid stress may be triggering expression of adhesins.
FACS analysis indicated no increase in flagella expression after acid shock (data not shown) or chenodeoxycholate treatment (figure 5B). However, there was a decrease in flagella levels after treatment with deoxycholate (figure 5C), glycocholate, or ursodeoxylcholate (data not shown). These results suggest that bile-salt stress is either down-regulating flagella expression or causing flagella degradation. Nevertheless, they demonstrate that flagella are not playing a role in enhanced EPEC adhesion after acid/bile-salt stress.
Immunoblot analysis indicated elevated expression of Hsp70 in acid-stressed EPEC, and FACS analysis similarly showed enhanced surface expression of Hsp70, relative to that in unstressed EPEC ( figure 5D ). Hsp70 levels were elevated for both unadapted and adapted acid-stressed organisms and increased with acid incubation time, from 5 to 30 min. No change in fluorescence intensity was detected in the stressed-EPEC NIS control, eliminating the possibility of increased nonspecific binding after stress. To confirm detection of only surface-expressed Hsp70, the assay was repeated using propidium iodide (PI) to exclude bacteria that had lost membrane integrity. Only 1%-2% of bacteria were PI positive, and 25% were FITC positive (for Hsp70) and PI negative, which confirmed surface expression of Hsp70.
We also assessed surface expression of another heat-shock protein, Hsp60, which has been reported to a play a role in increased virulence of several pathogens after stress [10, 12, 24, 30] . FACS analysis showed a slight increase in Hsp60 expression in acid-stressed EPEC relative to that in unshocked EPEC (figure 5E). However, the increase was not nearly as striking as that seen for Hsp70. ). Values are . E2348/69 (grown n p 4 means ‫ע‬ SDs overnight on blood agar) were preincubated with equivalent concentrations of either rabbit anti-Hsp70 or nonimmune serum (NIS) for 1 h before adhesion assay. S-5A, acid adapted and acid shocked for 5 min; S-5NA, acid shocked for 5 min; U, unshocked. * , vs. S-5A NIS value. P р .05
Reduction of adhesion of acid-shocked EPEC by anti-Hsp70. Since FACS analysis revealed significantly increased surface expression of Hsp70 in acid-stressed EPEC, Hsp70 could be mediating the enhanced adhesion to host cells. Anti-Hsp70 pretreatment of EPEC reduced adhesion of acid-stressed EPEC, compared with that of unshocked EPEC (figure 6). Preincubation with rabbit NIS did not alter bacterial adhesion. Adherence of unstressed EPEC pretreated with anti-Hsp70 was unchanged.
Enhanced binding of acid-shocked EPEC to SGC. Previous studies have shown changes in lipid-binding profiles of organisms after stress, including acid stress [9, 15, 31] . Unstressed EPEC recognizes PE, Gg 3 , gangliotetraosylceramide, and lactosylceramide [16] ; we therefore wished to assess the effect of acid stress on EPEC recognition of these lipids, as well as of SGC, which has been reported to be a receptor candidate for acid-stressed organisms [15, 17, 18, 32] . Figure 7 shows that unstressed EPEC recognizes PE and Gg 3 , with negligible binding to SGC and lactosylceramide. However, after severe acid stress (5 or 30 min), EPEC shows significantly increased binding to SGC and lactosylceramide. EPEC also bound to a band in the epithelial cell extract with mobility similar to that of SGC. When the plate was pretreated with 0.1% polyisobutylmethylacrylate, which is reported to reduce nonspecific hydrophobic binding [33] , there was a significant reduction in lactosylceramide binding but not in SGC binding (not shown). These results suggest that SGC may serve as a receptor for adhesion of acid-stressed EPEC.
DISCUSSION
To establish infection, gastrointestinal pathogens must survive a number of stresses during ingestion. They must breach the acid stress environment of the stomach, which, under normal fasting conditions, can be as low as pH 2.0 [34] . They also face bile-salt stress in the small intestine, where bile salts are reported to reach concentrations of 250 mmol/L [8] . These organisms have evolved sophisticated response mechanisms to survive these challenges, including multiple acid defense systems adapted to different growth phases, different culture conditions, and different degrees of stress.
Beyond surviving stress, several gastrointestinal pathogens show enhanced virulence after stress. The infectious doses of Vibrio cholerae, non-typhi Salmonella, and Shigella flexneri are 10 9 , 10 5 , and 10 2 , respectively, which correlate with increasing acid resistance [35] [36] [37] . Exposure to stress, including acid shock, has been shown to enhance adhesion of H. pylori, L. pneumophila, and C. difficile [9] [10] [11] [12] [13] . Ingestion stress has also been suggested to enhance adhesion of EHEC isolates from the patients, compared with strains isolated from food [14] . Acidtolerant L. monocytogenes variants have increased lethality in mice when inoculated intraperitoneally and can also invade enterocytes more efficiently [38, 39] .
Our results provide novel evidence of enhanced host cell adhesion of EPEC after either acid or bile-salt stress. E2348/69 belongs to the typical EPEC strains, a group strongly associated with diarrhea in children !1 year of age and producing only virulence factors encoded by the chromosomal locus of enterocyte effacement (LEE) region and the EPEC adherence factor plasmid [40] . By contrast, atypical EPEC are closer to Shiga toxin-producing E. coli in genetic characteristics, serotypes, and toxin production. Since the present study is based on a typical EPEC strain belonging to a narrowly defined group with a high degree of homogeneity, the results are particularly relevant for typical EPEC strains.
Although each of the stress treatments reduced bacterial viability, EPEC that survived showed significantly enhanced adhesion to human epithelial cells. Adhesion enhancement factors for acid stress ranged from 1.5 to 2.7, depending on culture conditions, which suggests that culture conditions influence the expression or presentation of adhesins responsible for the adherence increase. Adhesion-enhancement factors for bile-salt stress ranged from 1.3 to 2.6, depending on the specific bile salt and culture conditions, again suggesting a coordinated response to environmental stimuli. Erythromycin pretreatment completely eliminated the adhesion enhancement observed after acid stress, which suggests that acid stress was triggering synthesis of new or existing adhesins.
To establish the role of known EPEC adhesins in acid and bile-salt stress-modulated adherence, we used Western blot and FACS. BFP expression was slightly increased after 30 min of acid stress but not after other acid treatments or after bile-salt stress. We detected no change in flagella expression after acid stress and found a decrease in flagella expression after exposure to 3 of the bile-salt treatments. Intimin levels were not significantly changed by either the acid or bile-salt stress treatments.
Expression of BFP and intimin has been shown to be sensitive to environmental conditions, including pH [2, 3, 5, 7] . The plasmid-encoded regulator, Per, which regulates BFP and intimin expression, is negatively regulated at pH 5.5 and positively regulated at pH 8.0 [7] . In the present study, we examined changes in adhesin expression after a more severe acid shock of pH 3.0, followed by neutralization to pH 7.0 (not 8.0), since this treatment was associated with increased adhesion. Under these conditions, we found no change in intimin expression and only a marginal increase in BFP expression after 30 min of acid shock. Although this result implies a role for BFP in the adhesion of acid-stressed EPEC, acid shock of the bfp mutant 31-6-1(1) resulted in a similar adhesion enhancement, ruling out a role for BFP.
Flagella expression is also known to be regulated by environmental factors, including temperature, pH, and surface contact [3, 41] . Optimal flagella expression in EPEC has been reported at pH 7.2-8.2 in LB medium but is depressed in DMEM [3] . We observed no change in flagella expression of DMEMcultured EPEC before or after acid shock, ruling out a role for flagella in the adhesion enhancement of acid-stressed EPEC. We did note a decrease in flagella expression after 3 bile-salt treatments. Bile salts, particularly deoxycholate, have been reported to reduce flagellation in organisms, including E. coli [42, 43] . Our results are consistent with these reports and indicate that flagella likely do not mediate the adhesion enhancement seen after bile-salt stress.
Since surface-expressed Hsp70 and Hsp60 have been reported to mediate increased adhesion of stressed organisms, we decided to examine their role in the adhesion of stressed EPEC. Hsp70 expression was significantly increased on the surface of acid-stressed EPEC, as detected by FACS. By excluding bacteria that had lost membrane integrity, using the membrane-nonpermeable fluorophore PI, we confirmed that the increased Hsp70 detected was on the bacterial surface. We did detect a small increase in Hsp60 expression, but it was not as striking as the increase in Hsp70 expression. Surface-exposed Hsp70 has been reported in acid-stressed H. pylori [17] , and, although there are no similar reports concerning EPEC, Hsp70 has been reported to be partly located in the periplasm of E. coli [44, 45] . To determine the involvement of Hsp70 in adhesion of acid-stressed EPEC, we tested the ability of anti-Hsp70 to inhibit adhesion. Pretreatment with anti-Hsp70 reduced adhesion of acid-stressed EPEC relative to that of unstressed EPEC, which implies that Hsp70 plays a role in the adhesion enhancement. However, antibody-mediated inhibition may also mask other adhesins, and, therefore, confirmation of the role of Hsp70 as an acid-stressed EPEC adhesin requires further study.
We did note an adhesion enhancement after acid stress of both the nonvirulent bfp mutant and the nonpathogenic HB101. In each case, the enhancement was 2-3-fold relative to that of the unstressed correlate. Both pathogenic and nonpathogenic E. coli express Hsp70 in response to stress, including acid stress [44, 46] ; therefore, Hsp70 may also mediate enhanced adhesion of nonvirulent strains after stress. However, it is only for EPEC, where the adhesion enhancement is comparatively much larger, that stress may contribute to enhanced virulence.
Acid stress has been reported to alter bacterial lipid binding specificity and, in particular, to increase bacterial binding to SGC [15, 17, [47] [48] [49] [50] , a major glycosphingolipid in the gastrointestinal tract [51] and one that has been identified as a putative Hsp70 receptor [17, 18] . In the present study, we have shown that acid-stressed EPEC strongly recognizes SGC. Although it is tempting to suggest that SGC is a receptor for surface-expressed EPEC Hsp70, further study is needed. However, this evidence, coupled with the increased adhesion after acid stress and the elevated surface exposure of Hsp70, suggests that the organism employs additional, possibly new host receptors. These findings indicate that acid and bile-salt stress enhance EPEC virulence by increasing host cell adhesion, suggesting a clinically relevant adaptive response to stress encountered during ingestion.
